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ABSTRACT 
Two aspects of nucleation in solid solutions are con-
si derede In Part I. a kinetic theory of nucleation and 
growth of precipitate particles in solid solutions is derived. 
This theory, which is applicable at low solute concentration 
and rather low solute-solute binding energy, is obtained by 
application of equilibrium conditions to the reversible chem­
ical rate equations of cluster formation. The equilibrium 
approximation permits sufficient cancellation of terms in the 
equations so that the remaining equations are integrable. 
Computer solutions for a variety of parameters of the kinetic 
equations were used to check the range of validity of the 
approximation necessary to obtain the analytic expression. 
The analytic expression describes the experimentally observed 
time dependence of the precipitation of carbon and nitrogen 
in e-lron. The analytic theory also predicts an average 
binding energy of precipitate atoms in a cluster which is in 
reasonable agreement with experimentally derived carbon-
carbon and nitrogen-nitrogen binding energies in iron. The 
size of the fundamental precipitate nucleus, as well as the 
distribution of sizes of precipitate particles, is also pre­
dicted, but no experiments exist to check these predictions. 
In Part II, experiments are described which demonstrate 
that neutron irradiation can introduce heterogeneous nuclea­
tion of precipitate particles in Al-Cu alloys. More than one 
Ix 
precipitation process is shown to be Involved, but the 
process studied is describable by an exponential decay law. 
It is shown that irradiation of 0,5 and \% Ou alloys to a 
dose of 10^^ nvt (fast) accelerates the rate of precipitation 
in the range of 110=130°0 by a factor of lo5~2, and that 
this acceleration is not noticeably increased by further 
irradiation. 
1 
CALCULATIONS AND EXPERIMENTS 
Introduction 
A solid solution in which atoms B are dissolved in a 
matrix of atoms A can exhibit a variety of distributions of 
the atoms at different temperatures corresponding to changes 
in the free energy of the solution. The solubility curve, 
order-disorder phenomena, and size and shape of precipitate 
particles are all governed'by free energy considerations. 
Howevers given the free energy difference between two states, 
the rate of change between the states is an important par­
ameter which has been studied quite successfully in order-
disorder phenomena, but previously with only limited success 
in the precipitation process. 
Good experiments on precipitation kinetics are still 
quite sparse and new theories must still be checked against 
quite limited data. There are very good reasons for the 
shortage of reliable data. In the first place, the measure­
ments are complicated by the existence of two distinct types 
of solid solutions, substitutional and interstitial. In a 
substitutional solid solution the solute atoms occupy lattice 
sites in the solvent lattice. This type of solid solution 
usually occurs when the solute and solvent atoms are compar­
able in size. In an interstitial solid solution a small 
solute atom can occupy positions in the solvent lattice 
between the solvent lattice sites, i.e., Interstices. When 
an Interstitial atom migrates in the host lattice it jumps 
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from interstice to interstice without replacing the solvent 
atoms. However, when a substitutional solute atom migrates 
it is now recognized that it does so with the assistance of 
a lattice vacancy. These lattice vacancies are present in 
thermodynamic equilibrium in solids and assist in the inter­
change of atoms. The presence of these littice vacancies 
complicates the measurement of the rate of precipitation. 
During the late stages of a precipitation process when 
precipitate particles of detectable size exist, the rate of 
depletion of the solute from the solvent can be followed by 
the rate of growth of the precipitate particle. The calcula­
tion of these rates can be studied as a diffusion problem 
with appropriate boundary conditions for the size, shape, and 
number of precipitate particles. The present difficulty is to 
understand the initial formation or nucleation of these pre­
cipitate particles. This initial formation occurs at a stage 
in which the particle is too small to detect and the nuclea­
tion must be deduced by following some physical property 
associated with the presence or absence of the solute atoms. 
In substitutional solid solutions the most useful quantity 
for this purpose is either the electrical resistivity or the 
evolution of heat. Unfortunately, the lattice vacancies which 
are causing the migration of the solute atoms also have a 
resistivity and a heat of formation associated with them. 
Thus, for example, in Al-Cu, Al-Zn, and Al-Ag alloys, which 
have been studied in most detail, the resistivity rises rather 
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than falls diiring the early stages when the solute atoms are 
leaving the lattice and a drop In resistivity would be 
expected. This unfortunate situation Is not yet completely 
understood although It is realized that the relative resis­
tivities of the clustering vacancies associated with the 
clustering solute atoms are partially responsible, and the 
changing size of the cluster of solute atoms alters the 
electrical resistivity per atom in the cluster. A nucleation 
theory, which at this stags of knc^lsdgc sust nscsssarily ba 
concerned only with the clustering of a single component, is 
not adequate for comparison with such experiments. 
The situation is better with the interstitial solid 
solutions. Fortunately, not only does the resistivity fall 
monotonlcally as the number and size of the cluster of inter­
stitial atoms Increases, but the technique of internal fric­
tion also reveals explicitly the concentration of single 
interstitial atoms remaining in solution. It is in this type 
of system that a nucleation theory may be checked. The dif­
ficulty here is that these solutions are formed by non-
metallic atoms dissolved in body-centered cubic metals, the 
best known being carbon and nitrogen in iron. The body-
centered cubic metals are the most difficult to purify and in 
which to minimize lattice defects such as dislocations and 
stacking faults. Thus, unless one is certain that these 
defects are minimized, one cannot be sure if "homogenous" 
nucleation, spontaneous clustering of the solute atoms, or 
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impurities g is taking place. Much research is currently in 
progress in various countries on trying to purify b.c.c. 
metals other than iron, and, as will be seen later, even some 
of the iron data suggest lack of uniformity. 
The present work covers two aspects of the problem of 
nucleation in alloys. In Part I a new theory of nucleatlon 
is presented and compared with existing data on the precipl-
tatlwù ÙÎ ùâïuûù. auu uitr-ogôû from aulutioji lu Iron. This 
theory was initiated to explain some measurements on this 
system taken previously by the author and a colleague. 
Part II is a report on some experiments on a substitu­
tional solid solution, Al-Ou. The need for new facts and more 
reliable information in these latter systems is recognized and 
some new and significant results are described. The rate of 
precipitation of copper from solution in a carefully prepared 
specimen is compared to the rate in a specimen damaged by 
neutron irradiation. This experiment was designed to reveal 
if "heterogeneous" nucleation at lattice imperfections intro­
duced in a controlled manner plays em Important role in these 
alloys. 
Part I. A Kinetic Theory of Nucleation 
History of the problem 
Precipitation from solid solution Involves the nucleation 
of a new phase and the growth of these nuclei into larger 
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crystals. In the supercooled state the free energy of the 
system Is greater than In the equilibrium state and on pre­
cipitation of the new phase the free energy decreases to a 
minimum at equilibrium. The driving force in this reaction 
is the decrease in the free energy: The general assumption 
» . 
has been that there exists a critical size for the nucleus, 
which is stable and will not redissolve and that these stable 
nuclei are formed by statistical fluctuations. This approach 
CbX'UOC XX UIU UX4.0 OUUUGDOXUX IfXLOUX'J UX XlWiW^OGV WXVll GVX&U 
tion of liquids from their vapors (1). 
The problem of condensation of liquid from vapor was 
treated by Volmer and Weber (2) and refined by Becker and 
Soring (3). These investigators assumed that a certain 
amount of work, Â, is required to form a drop of a critical 
radius, i.e., a potential barrier exists opposing the clus­
tering of the vapor molecules. When this barrier is sur­
mounted the droplet has no further tendency to evaporate and 
therefore continues to grow by the impinging of further vapor 
molecules on its surface. The work. A, which is related to 
the surface energy of the droplet is temperature dependent. 
Thus, the rate of condensation can be expressed as K exp 
(-A(T)/kT), where K is the rate of vapor molecules impinging 
on the droplet. If the work, A, required to form the droplet 
can be calculated, the droplet concentration can be calcu­
lated as a function of temperature. Becker and During (3) 
derived this Volmer-Weber relation from a kinetic rather than 
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a thermodynamic basis» They assumed a steady state situation 
in which the number and distribution of drop nuclei does not 
change with time; as a large drop is removed from the ensemble 
by exceeding the critical size a new nucleus is formed. The 
steady state approximation to the kinetic scheme resulted in 
large summations of terms which were then approximated by 
integrals. This latter technique is assumed to be valid for 
nuclei containing large numbers of molecules. 
TSa/sVati»» f ILS lo+av +^4 Ad w + a + + A vs ^  ~ 
tation in solids. He did this by simply replacing the 
molecular impingement rate K by the diffusion rate in solids 
C exp (-Q/kT), where Q is the activation energy for atomic 
diffusion and C is a constant. Thus, the rate of removal of 
material from solid solution during the initial nucleation is 
0 e-"/"'' e -Vkl . (1) 
He attempted to calculate A from the volume and surface 
energies of a solid precipitate in the Au-Pt system and to 
compare it to some early resistivity data which suggested 
nucleation (5). Surprisingly, he was able to predict the 
temperature of the maximum of the resistivity change rate. 
The limitation of the theory Is that neither time nor details 
of A enter into the expression. It is also felt by many that 
the steady state approximation is not valid for a solid since 
the precipitating atoms are not replenished in the solution 
as in the vapor case. The development of computers enabled 
Tumbull (6) to examine the kinetic approach in somewhat 
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greater detail* He showed that the rate of change of each 
cluster of greater size than two particles goes through a 
maximum, and that the rate of nucleatlon Is zero at zero time 
and therefore an "Incubation" period exists. Later, Tumbull 
and Fisher (7) applied the absolute reaction rate formalism 
to the kinetic theory and derived a more quantitative expres­
sion for the rate of nucleatlon In which all the constants 
were Identified. This latter work was applied to precipita­
tion from aquêoUB Solution. 
A thermodynamic rather than kinetic approach was devel­
oped by Borellus (8). He also assumed that work was required 
to form a stable nucleus and used the free energy changes 
associated with alloy concentration fluctuations around a 
nucleus to calculate the nucleatlon rate and nucleus size. 
This technique has been used with considerable success for 
substitutional alloys at reasonably high solute concentra­
tion. 
The development of internal friction techniques and 
interpretation for interstitial solid solutions (9) permitted 
the taking of data of the time dependence of the depletion of 
the solute from the matrix in rather dilute solutions. Wert 
(10) took accurate time data for matrix depletion of both 
carbon and nitrogen from alpha-iron. He showed that his 
results were reasonably well described by the growth law 
W = 1 - exp -(t/T)B (2) 
where W is the growth of the precipitates, t a parameter 
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dependent on the initial concentration and n a constant inde­
pendent of temperature and initial concentration. Zener (11) 
showed that the value of n was determined by the shape of the 
precipitate particle and Wert and Zener (12) showed that 
even closer agreement of the experimental data could be 
obtained by considering the interference of the precipitate 
particles as they grow. This approach is a diffusion con­
trolled growth rate consideration and does not consider the 
atomistic details of the Initial nucleation» Furthermore, 
during initial nucleation one would not expect a shape factor 
to be terribly Important. 
The first detailed approach to nucleation and growth as 
a function of time was by Pujita (13). He used a phenomeno-
logical kinetic theory in which he made several intuitive 
approximations without justification and arrived at a recip­
rocal hyperbolic cosine time dependence which fits most of 
the precipitation data of carbon and nitrogen in a-iron. 
However, no further parameters are derivable from his formu­
lation. 
In the present work the kinetic formulation of nuclea­
tion and growth was used and a high speed computer was 
employed to solve the kinetic equations so that the conse­
quences and range of validity of the various approximations 
could be examined. The first and by far the most important 
approximation is the assumption of equilibrium. Rather than 
pursue the steady state approximation of past researchers, 
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which requires no time rate of change of the concentrations 
of the clusters which are the nucleus embryos» it seemed more 
reasonable to assume that the system would try to maintain 
equilibrium concentrations of the various clusters during the 
depletion of the matrix. Prom the first, the computer runs 
showed that this is a valid approximation under a wide var­
iety of conditions. This result is most Important since, as 
will be shown, the equilibrium approximation leads to a can­
cellation of most of the terms in the kinetic equations and 
leaves an Integrable form for the two most Important reactive 
terms, the concentration of solute and the concentration of 
precipitate particles. The former is controlled by a hyper­
bolic cosine time dependence as in Pujita's derivation. 
The second assumption, although not a necessary one, is 
that no work is required to form the nucleus. Experimental 
evidence indicates that di-carbon and dl-nltrogen are 
probably stable in a-lron and therefore larger clusters also 
may be stable. Thus no work is required to form the nuclei 
and the back reaction is caused by their dissolution under 
equilibrium conditions. In the present approach each 
parameter in the equations is explicit and two of them, the 
average size of the nuclei and the average binding energy of 
the atoms in the nuclei, are shown to be obtainable from 
experiment. It will also be shown that an integrable solution 
can be obtained for the condition in which partial hetero­
geneous as well as homogeneous nucleatlon exists in the 
10 
sample. That is, if soma crystal faults exist, such as dis» 
locations, which bind precipitating atoms with too high an 
energy to permit them to participate In the equilibrium 
reactions, a solution of the time dependence of nucleation 
and precipitation is still obtainable» It is anticipated 
that this latter result will permit the understanding of dis­
crepancies between experiments and lead to more consistent 
data being taken at different laboratories. 
Theory 
The clusters of various sizes will be called Xi—Xjj 
where the subeoript spécifiés the number of atoms in the 
cluster. For convenience of notation these same symbols will 
be used in the formulation to denote the concentration in 
atomic fractions of each of the species. 
It is assumed that only one of the species, X^, the 
single atom, Is mobile. These atoms interact to form larger 
immobile clusters Xg, X3 etc. which have a tendency to dis­
solve by evaporating single Xi atoms. At some critical size, 
Xp, the cluster becomes stable and no longer evaporates X^ 
atoms. This Xp is called the nucleus for precipitate parti­
cles. The Xp*s continue to grow by the absorption of X^ 
atoms, but with no further back reaction, and form a distri­
bution of sizes of precipitate particles, the largest being 
Xjj. In the following scheme the forward rate constants are 
controlled by the migration of Xj^'s and the back reactions 
11 
by the binding energy of an-X]^ to the cluster, and are repre­
sented by Kn and K'^, respectively. It is also assumed that 
higher order reactions such as ' s colliding to form an 
are relatively improbable and can be neglected. The kinetic 
reactions involved can be represented by 
Kn-l 
Xn-l + Xl a < n < N 
K'n-1 
•^here - 0 for n > p. 
(3) 
The corresponding differential equations are, 
N~1 p—2 
~ = -K^Xi + - Z ^i^i^l + ^i+1 
i=2 1=2 
= è-K^Xi^ - &E{X2 - KgXgXl +^^^3 (5) 
^ = Kr-l%lXr-l + K;%r+1 " VA " ^ r-l^r 
for 2 < r < p-1 
= Kp.2Xp.2%l - K'p.gXp.i - Kp-lXp-lXi (7) 
dX 
^= Ks-lXs-lXi - KgXsXi (8) 
for T) < s < N 
~ = %-l%-lXl- (9) 
12 
N 
Define Y = % (10) 
1=9 
then, because of exact cancellation of terms In Sqns.8-9» 
§ = Kp-A-A • (•") 
If equilibrium is postulated for all reactions involving a 
back reaction (note that there will be an initial transient 
during which time equilibrium is being established), then by 
2 
the law of mass action K^^l = ^2*1^2 ~ ^ 2*3 Gto. By 
successive substitutions of these equalities the general 
equality is given by 
Xi = ( - - - - ^ r) ( %l) ^ = Kill ( Xl) ^  • (12) 
&1-1 ^ 1-2 H 
When this relation is substituted for Xp«]_ Eqn. 11 becomes 
M = Kp.iKp.2 (Xi) 9 . (13) 
* 
For convenience of notation define K = ^p-2 ' 
Equilibrium conditions, because of the equalities from the 
law of mass action noted above, cause term by term cancella­
tions in Eqn. 4 to give 
N-1 
. T KiXlXl . (14) 
" it p-l 
If it is also assumed that the variation of the size of the 
precipitate particles is not an important contribution to the 
1.3 
rate constant, then Kp = Kp+i - - - = and Eq.n. 14 can 
be written as 
dXi 
^ "i ~ Kp-l%p-l%l • - (15) 
P 
Also from Eqn. 10 
N-1 
Z %! = Y - X% . (16) 
i=P 
For large N, Xjj « Y and therefore 
^ = -KpïXl - Kp.jXp.iXi . (17) 
It should be noted that the substitution of Eqn. 16 in 
Eqn. 15 is possible only because the rate constant Kp has 
been factored out. 
After Y begins to build up Y > Xp_i and since Kp = Kp_i 
dXi 
— = -K,TXi . (18) 
It would be more rigorous to leave the second terra of Eqn. 17» 
but no integrable form could be found for the complete Eqn. 
17. Dividing Eqn. 13 by Eqn. 18 gives 
âi , . K(Xi)P-l . (19, 
dXi Kp Y 
This can be integrated to 
^pP 
^ (20) 
&Kp-l 
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where Xt^° is the initial concentration, or more precisely, 
the value of at the time equilibrium is established. 
This result can be substituted into Eqn. 13 to give 
S=s-i (21) 
which can be integrated to give 
/2Kp.iK(Xi'')P ' J ^ , 
Ï =\/ tanh [ yèKpKp.iK p(Xi°)P tj. (22) 
Call the first square root (the value of Y at infinite 
time) and the second » and putting this back into Eqn. 18 
gives 
dXi 
— = -KpX^Y® tanh cyt (23) 
which integrates to give^ 
( cosh [y*KpKp.iK p(Xi°)P'1^(24) 
At large t, cosh at  ^e^ and therefore 
2 
Xi = Xi° (2)2/9 e for large t. (25) «#1 J» ... ... ' • — 
+ K is not defined by Eqn. 12 for p = 2, but only for p 
greater than 2. However, the complete set of rate Eqns. 4-
10 can be written for p = 2, in which case there are no back 
reactions. The solution obtained in the same manner is Eqn. 
24 with K = 1/2. 
15 
If la is plotted vs» t then p can be determined in two dif­
ferent ways, if the approximation is valid for the input con­
ditions used. The intercept of such a plot is (2/p) In 2, 
and the slope, called 3, is p = -2 a/p. From 3 an a can be 
determined for a given p and Eqn. 24 can be calculated on 
that basis and compared with the decay curve. The best fit­
ting calculated curve defines p. If Eqn. 24 is valid for the 
curve being analyzed, the p determined by both methods should 
VI3^^55 9 ' - — 
Pig. 1 illustrates the shape and general behavior of the 
disappearance of X^ from solution. It is seen that both an 
increase in p, the number of atoms in the nucleus, and a 
lower initial concentration of X^ in solution shift the decay 
curve to longer times. Both of these effects are physically 
reasonable. The accompanying growth of Y with time is also 
shown for some of the conditions. It should be noted that 
the larger the p, the fundamental nucleus, the lower will be 
the terminal value of Y. 
The K and K' rate constants used are assumed to be of 
the Arrhenius form 
K, = 0, e-BAT 
(26)  
K^' = Oi' e + Zi)/kT 
where E is the migration energy of the Xi and is the bind­
ing energy of each X]_ to the cluster. B may be positive, 
negative, or zero; positive in Eqn. 26 means that an is 
Fig. 1. Example Xi decay curves and Y Increase curves for different 
p and with Kp = Kp-i = K = 10. The dashed curve Is for 
initial stable nuclei of S = 4 x 10"? with = 10~5 and 
T) = 5; the apparent p for this curve by intercept analysis 
is 13 
X®=I0"® xf'io"® = 10 
0.8-
Xi^ lor® H 
-3 
TIME ( ARBITRARY UNITS) 
Pig. 1 
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bound to the cluster and negative means that it is repulsed. 
In the present calculation, except for one computer run at 
B = 0, B is always considered positive. The 0^ and 0^' are 
constants which contain the number of ways an Xi can jump to 
the cluster when it is in the vicinity (effectively a capture 
cross-section of the cluster) and 0^' contains the number of 
ways an atom in a cluster can jump away. These numbers 
obviously change with changing cluster size which is the 
reason for the index i. However, the change is slow with 
increasing cluster size and is therefore assumed constant. 
This assumption is necessary to obtain an integrable form as 
discussed in connection with Eqn. 15. The validity of the 
assumption was examined in a computer run which will be dis­
cussed later. ?rom Eqn. 26 it is seen that the ratios of 
Ki/Ki' occurring in Eqn. 12 have the form of exp (B/kT) and 
that K (defined as Kptg) the form C"exp (^B^/kT)^ Later, 
in the section on analysis of experiments, B^ will be replaced 
by an average binding energy, B. 
In experiments which measure some property associated 
with precipitate particles, such as hardness, it is observed 
that at a given temperature a finite length of time is re­
quired before detectable changes occur in the measured proper­
ty. This time is usually called an "induction" or "incuba­
tion" period. In Fig. 1 it is seen that Y begins at zero and 
slowly grows. If we define that a property change is observ­
able when a certain number j precipitate particles, yJ, 
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exist, then a quantitative criterion of the incubation period 
can be defined from Eqn. 22, 
Y = Y* tanh at (22) 
Expand tanh at for small values of at 
Therefore when the Incubation time tj is the time for the 
production of Y^ particles 
: ïj = ï= "j -
and 
~ kp_i k (xi^)p ' 
Consideration of the fôrms of the rate constants of Eqn 26 
for positive binding in Eqn 27 indicates that as long as the 
migration energy is greater than the sum of binding energies 
in K the incubation time increases with decreasing tempera­
ture, decreasing binding energy, and decreasing initial con­
centration. If B or p is sufficiently large the temperature 
dependence can be reversed. 
If there exist some stable nuclei in the system before 
the measurements begin, the solution to the kinetic equations 
is altered. Such nuclei could arise from some clustering 
prior to measurement or from faults in the crystal which bind 
atoms to them and thus serve as nuclei without having parti­
cipated in the equilibrium reaction. If there are S such 
stable nuclei present and the rest of the system is in 
20 
equilibrium Eqns, 18, 13s and 19 become, respectively 
dxi 
dt 
= -KpXi (Y + 8) (18') 
— = Kp.iK (Xi)9 (13') 
dt ^ 
_ -Kp (Y + S) 
dy ~kp_ik (xi)p-l ' 
(19') 
The solutions for Y and Xi are 
Y = 1 r KpPS (1-8^^) + Y (e^-1) 1 ^28) 
K„p L eVt + 0 J 
"p 
where 
Y- K_s8 o o 
° " y+ As ' = (KpPS) + kp.i k 
and 
S(KpP S-Y) (1 - e'^), , ^ 
^ yt „ — • 
At large t 
X^P = A e'"^"^ ^ (30) 
where A = 20 (X^®)? + K Kp i[^" + V ]' 
Also 
i" = - s . (31) 
kpp 
21 
An example of the decay of undèr these conditions is 
shown in Pig. 1 by the dashed curve. For the calculation of 
this curve by Eqn. 29 = 10"^, p = 5, and S = 4 x 10"?. 
The dashed curve is seen to. fall below the solid curve of 
identical conditions other than initial nuclei. This is 
because some X^'s migrate to pre-existing nuclei and are 
removed from solution faster. Thus X^ decays faster with 
time. If this curve is analyzed by the intercept method of 
Eqn. 25, P is evaluated as 13. If Eqn, 24 is applied to this 
dashed curve no choice of p will fit it, and it is only fitted 
approximately by a p of about 50. Thus an inconsistency 
results between the two methods of determining p discussed 
previously. This consistency of p by the two techniques of 
analyzing data can serve as a guide to an experimenter to 
determine if heterogeneous nucleation is taking place in his 
sample in addition to homogeneous nucleation. 
Computer results 
The IBM 7094 computer at Brookhaven National Laboratory 
was programmed to obtain solutions of the coupled differential 
Eqns. 4-9 (with the approximations described below) for a 
variety of input conditions to check the validity of the equi­
librium approximation as well as some of the other, but less 
drastic, assumptions used. Figures 2, 5, and 4 show results 
from a computer run with X^^ = 10"^ (after the initial 
transient X]_® = 0.98 x 10"^), p = 5, Ki = Kg Kp = 10, 
Pig. 2. Computer solutions for the early time transients of the 
various species for p = 5, = 10-3, Ki = K2 
= 10, and Ki' = Kg' = Kp.g =1 
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Fig. 3. Computer solutions of decay of Xi and growth of Y for 
same conditions as Pig, 2. Solid circles are points 
calculated under equilibrium approximation 
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Fig. 4. Linear plot of computer solution of Xx for conditions 
of Pig. 2 
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and ' = Kg' = = 1* Fig. 2 illustrates the early 
time transients of the species while equilibrium is being 
achieved. After equilibrium is achieved all unstable species 
decay in concentration, Pig. 3 illustrates the decay of 
and the build up of Y under equilibrium conditions. Note 
that there has been some loss of X]_ to achieve equilibrium 
during the transient so that for the purpose of calculations 
using the equilibrium approximation must be taken as O.98 
X 10"5. as seen in Pigs. 2 and 3^ The data are plotted 
linearly against time in Fig, 4 and logarithmically against 
time in Fig, 5, It is interesting to note in Fig. 4 that 
there is an initial delay similar to the S-shaped curve found 
in vacancy clustering kinetics (14, Chapters II and V). It. 
is seen in Fig, 5 that at long times the decay is exponential, 
as predicted by Eqn, 25, The slope is 6,03 x 10"^ which 
yields an a of 1,51 x 10"^, where the a put into the computer 
was 1.50 X 10"^, The measured intercept is 1,31 x 10~^ and 
the theoretical intercept is 1,32 x 10"^. With the measured 
a from the slope of Fig. 5, X]_ and Y were calculated using 
Eqns." 22 and 24 for several p values. Fig. 3 illustrates the 
excellent agreement of the calculated numbers (solid circles) 
for p = 5» the input condition. It is seen that the time 
dependence resulting from the equilibrium approximation is 
in excellent agreement with the exact solutions of the kin-
1 
etic equations. Calculated points for Y as a function of 
time and for Y*** are also seen to agree with the computer 
Pig. 5. Semi-logarithmic plot of computer solution of 
for same conditions as Fig. 2 illustrating 
exponential tail and intercept 
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oil wrô 
It was pointed out In the theory section that K*s > Kp 
had to be equal and thus factorable In order to obtain Eqn. 
17. The K'S are controlled by the migration energy of 
but the capture cross-section of a cluster stays constant 
with increasing size only for a fixed number of capture sites 
such as in one-dimensional growth. For spherical growth the 
surface to volume ratio is proportional to the r^/^. Since 
it is nscsssary to assums ths sams prs-sxponsntial tsrn» in 
order to factor the K's a computer run was made with varying 
k'S to see how valid the assumption is. a sufficient number 
of terms is required to see which K is valid when a variety 
is introduced. Therefore ten equations were used with p = 4, 
X-j^° = 10"5, Ki = K2 = Kj = 10 (the capture surface up to the 
trimer is held constant), Ki_' = Kg' =1, and K4 = 20, K5 = 
23, Kg = 25, K7 = 27, Kg = 30, Kg = 33. These numbers were 
chosen to follow approximately the surface growth with in­
creasing volume, What is sought by analyzing the computer 
curve is an average Kp, If the computer data can be matched 
by the equations from the equilibrium approximation with a 
Kp then the approximation of factoring the K's is valid 
regardless of what the average is. If the use of such an 
average number for a variety of K's is not valid then Eqn. 
24 is not expected to match the resulting curve closely. 
Fig. 6 shows the decay of 1% normalized to the value 
after the transient (again 0.98 x 10"^) discussed in 
Pig. 6. Normalized computer solution of for set of ten equa­
tions with varying Kp. Solid_clrcles are values 
calculated from Eqn. 24 with Kp = 33. 
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oormeotion with Pigs. 2 and 3. Pig. 7 shows the normalized 
Xt_ plotted logarithmically against time. The Intercept 
yields p = 3.7 compared with p = 4 put into the computation. 
The slope is P = 1.2 x 10"^ which, when used in Eqn. 24, 
yields Kp = 33, the surface associated with the largest clus­
ters. This is physically reasonable at long times because 
most of the clusters are large and 33 is derived from the 
exponential tail. When this Kp is used to calculate the early 
time decay curve via Eqn. 24 the results are still quite good. 
These are shown by the solid circles of Pig. 6. Therefore, 
it is concluded that the approximation of factoring an average 
Kp is valid and all calculations contain this assumption. 
Further computer runs were made to examine the range of 
validity of the equilibrium approximation and the Importance 
of the neglected term of Eqn, 17. Three parameters were 
varied, initial concentration, binding energy, and p. Pig. 8 
Illustrates a run in which the initial concentration was 
increased by an order of magnitude above that of Pig. 3 while 
the rate constants and the p were unchanged. In Pig. 8, it 
can be seen that neither p = 5, used in the calculation, nor 
other trial p values match the computer curve over its com­
plete range. The intercept method, not shown. Indicates a 
p = 3.4, but neither p = 3 nor p = 4 fits satisfactorily. 
When the equalities under the equilibrium approximation such 
as K^Xi^ = K^'X^Xg were calculated from the computer data for 
this case, a discrepancy of about 10^ was found to exist for 
Fig. 7. Normalized computer solution of log for 
set of ten equations with varying Kp 
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about the first 60^ of the decay of Xt_. Clearly then, the 
equilibrium approximation is not valid at this high initial 
concentration. However, another run was made which indicates 
that it is a combination of both high initial concentration 
and high binding energy which disturbs the equilibrium; the 
same run as that just discussed was made but with zero bind­
ing energy. Calculation in the usual way showed that the 
computer curve was matched perfectly by the calculated values. 
These two runs show that with certain combinations of vari­
ables a false p could result. A need clearly exists for some 
criterion to indicate whether the analysis of an experiment 
has yielded as true or false p. This will be discussed later. 
Fig. 8 shows a run in which the theory begins to fail 
because the initial concentration is too high, = 10"^, 
for the selected binding energy. It was also of interest to 
make a run with the initial concentration kept low, = 
10"^, while decreasing the back reaction by a factor of ten, 
i.e., increasing the binding energy; = Kg = -— Kp =10, 
' = —- Kp_2 = 0.1. The results of this run, not shown, 
also gave a false p; p = 4 fits approximately instead of the 
input p = 5. The interplay of binding energy and initial con­
centration can clearly disturb the equilibrium. Since a high 
binding energy is equivalent to a low temperature the results 
at this point suggest that by raising the temperature of a run 
which had resulted in a false p, a correct p could be obtained. 
The run which had yielded Pig. 8 was performed twice more. 
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once with K]^' = Kg' = —- ^ p-2 = 0*5 and once with K^* = Kg' = 
Kp_2 = 2, effectively lowering and raising the tempera­
ture, respectively. The run with 0.5, I.e., lowered tempera­
ture, gave an even worse fit with p = 3, the best possible 
one. The run with K' = 2, however, gave an excellent fit with 
p = 5. An experimental guide is clear. Lower initial concen­
trations are favorable, and runs should be made at a series 
of temperatures to look for a constant p, low temperature 
deviations being rejected. 
The third parameter to be varied to explore the limits 
of validity of the equilibrium approximation is p. The run 
shown in Fig. 3 for p = 5 was repeated with p = 3 and p = 4. 
For p = 4 good agreement was obtained with theory. Fig. 9 . 
shows the run for p = 3 and the closest fitting value, p = 10. 
Clearly p = 3 is not valid for these conditions. Since so 
few terms are contained in Eqns. 4-9 for a p of 3 it is sus­
pected that the equilibrium approximation could be favorable 
only under very limited conditions. Detailed diagnosis of 
the data revealed that the neglected term Kp.^Xp.iXi of Eqn. 
17 is larger than KpYX^ for a large part of the decay and 
therefore this assumption is not valid. The time required 
for the computer to make a run with much less initial concen­
tration of = 10"3 is too long and could be obtained, only 
at prohibitive cost and therefore runs to see if low concen­
trations permit a p = 3 could not be made. The result indi­
cates, however, that a false high p can result if the 
Fig. 9. Computer curve for Xi° = 10~5, p = 3, K]. = K2 Kp 
10, and Kt' = KG' = Kp-g = !• Points calculated for 
p = 10 
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neglected term In Bqn, 17 is important. This run afforded an 
opportunity for testing the equations derived for the condi­
tion of some stable nuclei existing in the material. It 
should be noted that in Eqn. 18 Xp.^ has been assumed to be 
negligible compared to Y. In all of the runs Y grows so 
rapidly while Xp_i is decreasing that the approximation is 
valid for virtually all of the runs. In the present run, 
however, decreases about 30^ before Xp.^ is down to lOt 
of Y. Eqn. 29 permits analysis of data with pre-existing 
nuclei and this run was analyzed on this basis. Although the 
application of Eqn. 29 is found to be valid for the final 70% 
of decrease of the precipitation process is so far along 
at that stage that the decay is completely exponential. The 
results show an accurate fit of Eqn. 29 for p = 3 from the 
point where X^ = .685 x 10"^ (and therefore becomes the X]^° 
of Eqn. 29) and Y, i.e., S = .463 x 10The resulting slope, 
Y, matches that from the computer data. 
The computations which have been discussed all assumed 
the binding energy of each atom to the cluster, B, to be con­
stant up to the p th atom at which size B becomes infinite. 
If B is not constant but depends on the size of the cluster, 
as is probably the case in real materials, then p would be 
temperature dependent. This situation was programmed for the 
computer with X]^° = 10"^ and with B varying with p as illus­
trated in Pig. 10, where it is seen that the highest possible 
P would be 7. When rate constants associated with a tempera-
Increase of binding energy per atom with increase in 
cluster size programmed in computer calculation 
discussed in text. Arrows show effective p for run 
at indicated temperatures 
0.3 
B 0.2 
300® K 
Pig. 10 
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ture of 500®% wers ussd the resulting curve was found to obey 
Ban. 24 with a p = 6, When 225°% was used p = 5 was the re­
sult, as Indicated In Fig. 10* Thus, if the binding energy 
increases with increasing cluster size then the size of the 
apparent critioal nuolsus increases with inereasing tempera­
ture. 
The theory and computer studies indicate the following 
can be guidelines for analysis of experiments: 
1. îliô vlmô uôpsndsncs of Xi luust wS wbsysd over a ^ids 
range, both early time and exponential tall, for the equi­
librium equations to apply. 
2. Both the time dependence and the intercept method 
must result in the same value of p. 
3. If the Sqn. 24 is not applicable, because of the 
nsgleottd term of Iqn, 17, or if there exist prior nuolei not 
participating in the equilibrium reaction a false high p will 
result. 
4. If the binding energy per atom changes with changing 
cluster size, p will be temperature dependent. 
5. If the initial concentration is too high (relative 
to the binding energy of the atoms involved) a false low p 
can result. 
6. With both temperature and Initial concentration as 
potential variables, as well as both early and long time data, 
it appears that an experimental search for a slowly varying p 
is possible, and under certain conditions an average cluster 
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binding energy can be deduced. 
Partiels sias distribution 
The availability of the computer results permitted the 
development of an approximation for the particle size dis­
tribution. This was done in the following way using the 
computer data for the run shown in Figs. 2, 3, 4 and 5. 
A typical particle bom in the interval (t', t' + dt') 
X. (t ' ) dt ' 
will pick up - new Xi s. It was shown that after 
T(t') _ 
the initial transients 
xi = - kpxiy (18) 
and therefore the rate of growth is 
kpxi(t') . 
The particle will eventually grow in size D, expressed as 
number of X^ per particle, given by 
D =  Kp  I  ^ Xi(t') dt' . (32) 
No analytic solution to this expression was found, but some 
numerical evaluations were carried out from the X^ vs. t and 
Y vs. t curves to obtain D as a function of the fraction of 
particles aY/Y. The above integral was evaluated graphically 
from a plot of the computer data and the AY/Y values were 
calculated directly from the computer charts. The distribu­
tion curve for the run of Fig. 2, calculated for 28 intervals, 
is shown in Fig. 11 (upper curve). 
The low D tail of the distribution curve is easily 
I 
Pig. 11. Distribution of precipitate particle size for run of Pig. 2, 
The number of %% atoms in a particle, :D, is plotted against 
the fraction of particles. The upper curve is taken from 
the computer data, the lower curve is calculated from the 
exponential approximation of ]3qn. 33 
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approximated analytically since X]_ is exponential in t ' for 
small Thus, 
= (Xl°) (2)2/9 e-Bt = (x^® ' ) (25) 
and 
. OO 
D = K_ / X dt' = ÏE. (X-,°') e"9t = ^  Xi . (33) 
^ t P 8 
This approximation predicts a maximum D of 
W = (34) 
which for the run considered is 2.164 x 10^. a value very 
close to the 2,052 x 10^ obtained by direct calculation. This 
suggested that the exponential approximation for the distri­
bution function may be quite good and this point was explored 
further. 
If D is calculated from Eqn. 33 one also has to calcu­
late, within the same approximation, the fraction of particles 
corresponding to the same interval. To do this one substi­
tutes Eqn. 25 above into Eqn. 13 obtaining 
^ = Kp-l %(%!)* = Kp-lK(Xl°')P e""" . (35) 
i61*8"t i 0h i g 8 • • • - — • - - - •• — — — — 
t 
Y = (i-e-PBt) = ï"'(l.e-PSt) (36) 
PB 
or 
y (xl)" 
• (37) 
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The procedure is as follows, corresponding to any ]) is 
calculated from Eqn. 33. Y which corresponds to this X% is 
then calculated from Eqn. 37. By difference between succes­
sive D values one then obtains AY/Y *, the fraction of 
particles of size D. The distribution in the approximation, 
calculated for 21 intervals, is shown by the lower line in 
Pig. 11.. Clearly this approximation is quite satisfactory 
and can be used with considerable confidence. 
Hithin this approximation the avsragô sise is easily 
calculated. The fraction of particles bom in the interval 
(t', t' + dt') is given by 
and therefore the average size 5 is given by 
5 = ï ( f l h  (f) at') " = 
Kp-lK Kp(Xl°')P*l p 
p2 '  (p + 1) • p + 1 
(38) 
Within the above analytic approximation one can make 
several comments about the distribution. 
1. As p increases 5 gets closer to D^ax» I'S., the dis­
tribution gets narrower. Dmax Itself increases with increas­
ing p (since p decreases). 
2, 3 increases faster than linear with concentration and 
therefore Djuax decreases as the concentration is increased. 
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3. If Kp and are altered by the same factor D%ax 
remains unchanged, but it is sensitive to changes in K via 
either changes in the binding energies or temperature. If 
the binding energy increases P increases and Dmax decreases. 
Analysis of existing experiments on carbon and nitrogen 
precipitation from *-iron 
The previous sections of theory and computer tests 
i 
showed that the kinetic theory of nucleation should be appli­
cable to materials in which a low concentration of solute 
precipitates from a solid solution. Carbon and nitrogen in 
iron are most suitable for a comparison with theory because 
they migrate without vacancies and therefore both internal 
friction and electrical resistivity measurements should be 
proportional to the concentration of solute, as discussed in 
the introduction. Furthermore, the precipitation kinetics of 
these have been rather extensively studied, so considerable 
data are available. However,, in order to compare the time 
dependent theory developed here, both accurate short time and 
accurate long time data are required, the latter to obtain 
the best a and p and the former to check the applicability of 
the theory. Unfortunately, guidelines for experiments sug­
gested by former theories did not emphasize the need for data 
in these two regions so that most of the existing data can be 
compared only roughly to the present theory, and, although it 
will be shown that most of the available data can be fitted 
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by the theory with reasonable parameters, there exist some 
deviations which cannot be explained at the present time. 
Oarbon-iron resistivity data There exists one set of 
accurate data with very little apparent scatter for the iron-
carbon system. These data were taken with electrical re­
sistivity measurements by Pujita and Damask (15) for carbon 
of 0.0115 wt. t. Carbon precipitates in a-iron in two steps, 
J 
first to an intermediate carbide and then into Fe^O, called 
oeméiitlte. xhese investigators followed the two steps of 
precipitation with electrical resistivity and showed that each 
of the carbides has an electrical resistivity decrease asso­
ciated with it. The data for the first step were normalized 
by estimating the end of this step and calling that zero 
resistance. Reference 15, Pig. 2, shows the normalized first 
step and the beginning of the second step. The final value 
in the normalized curve may be in error because of interfer­
ence from the beginning of the second step. The solid 
circles of Pig, 12 show this normalized curve. This is an 
isochronal decrease of resistivity at 131»9°C and it is 
assumed that the quench was good and that there is no prior 
nucleation. These data are plotted to obtain 5 and p in Pig, 
13; P = 7 and p = 2.54 x lO"^ sec."^ and therefore a = 3.9 x 
10~4 sec."^. When p and a are substituted into Eqn. 24 the 
calculated time dependence is that shown by the solid line of 
Pig, 12. Complete agreement is obtained throughout the entire 
range except for the final point. This final point is seen 
Fig. 12, Normalized resistivity data for the precipitation of 
carbon in e-lron from reference 15. Solid curve is 
theoretical curve for p = 7 
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131.9°0 against time 
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to deviate from the exponential in Pig. 13 also and is there­
fore believed to be the result of a slightly wrong choice of 
the final value for normalization of the original data, as 
already discussed. 
Since ey is known, an attempt to estimate B, the average 
binding energy of each carbon atom to the basic nucleus of 
7 may be made. ?rom Eqn. 22 cv was defined as 
^ =y*P KpKp_i K (XiO)P . (39) 
The rate constants are defined by Eqn. 26. The Cj_ and C^' 
3 
must contain an entropy term e ' , usually set equal to 1, 
a lattice vibrational frequency of the order of 10^^ sec,~^, 
and a combinatory number which in 0^ is the number of ways 
an atom can jump to form a given combination and in C^' the 
combinatory number Aj_* is the number of ways an atom can 
dissociate from a given combination (14, Chapter I). The 
mitjration energy of carbon in iron is about 20,000 cal/mol 
(16) and the initial concentration used in this experiment 
was 5.35 X 10"^ atomic fraction. Substitution of these num­
bers into the expression for a (note that there are (p-2) B 
a =(ip lol5A.ge-EAT^o^3^_^g-SAT^^^O)7 ^1"-A5 
a| a^ 
X e(P-2)BAT)^ (39) 
j^iives / ^1 ac 
B = 4276 - 738 log /AgA^ . (40) 
V A'—A' 1 5 
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A rough estimate of the A's can be made In the following way» 
Johnson ^  al. (17) have shown that from piarely elastic con­
siderations two carbons can be bound together In Iron by 
0.13 eV which compares favorably with the experimental esti­
mate of dl-carbon binding energy by Keefer and Wert (18) of 
0,08 eV. Johnson ^  further showed that the binding Is 
greatest when the carbons are In the position of atoms 1 and 
2 in Pig. 14, In which their stress fields are aligned. It 
—" —' MMA — ««k < M AMk M A  ^A A A A * tm 4^  4" tm mm  ^ <* ^  v.f 4 t t QOdUD X 0CbOl/J.J>C^U«bO W u wiiCkv w ww*A câwwamw " 
attach themselves with stress fields in the same direction 
and, in fact, diffraction and microscopy studies have shown 
that the habit plane of the metastable carbide is 4 lOOj, as 
shown in Pig. 14. On the assumption that a carbon atom will 
position itself where it can make more than one carbon-carbon 
bond whenever possible, a likely order of attachment In build­
ing a platelet of nine atoms is shown by the numbers in Pig. 
14 (although p = 7 in the present case, a larger p will be 
considered later for the nitrogen case). With this order the 
combinatory numbers A^ and A^' may be counted. Per instance, 
given one atom there are four positions for a second atom to 
be adjacent in the •[ looj- plane and six positions from which a 
carbon atom can, in one jump, occupy any one of these sites. 
Thus Al = 4 X 6 = 24. (Note that the index follows the K 
index, not the numbering of the atoms In Pig. 14) Given the 
pair, there are six independent positions to which either 
atom can dissociate and therefore A^' =2x6= 12. Por the 
Pig. 14. Body-centered cubic lattice of iron. Black circles 
represent carbon atoms in possible formation of a 
metastable carbide 
Fig. 14 
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further counting, all jumps to form the complex must be con­
sidered, but once formed only the final atom, or its equiv­
alent should be counted as able to Jump away. Also, to 
simplify the counting two assumptions will be made, 1) a 
carbon atom will preferably jump into a site which creates 
the greatest dumber of carbon-carbon bonds and 2) if no 
singly bonded carbon exists in a configuration the back 
reaction A' will be set equal to 1. Thus, A# = 4 x 6 = 24, 
A-' = 2 z 6 = 12; = 1 z 4 = 4* A?' = Ij A4 = 8 x 6 = 48; 
A4' =1x6=6; A5 = 1 x 4 = 4, A5' =1; Ag =6x6= 36, 
A g '  = 1 x 6 = 6 ;  A y  = 1 x 4 = 4 ,  A y '  = 1 ;  A 3  = 1 x 4 = 4 ,  
Ag' =1, Ag = 12 X 6 = 72. Therefore 
®cal = 4276 - 738 log y7.37 x 10^ 
= 4276 - 1790 = 2486 cal =0.11 eV. 
The structure of the nucleus shown in Pig. 14 is probably not 
the true structure because the Intermediate carbide (19) is 
believed to be hexagonal and to have a composition of Fe2,4C, 
and this composition may even be temperature dependent. It is 
gratifying, therefore, that the present theory is able to 
yield an average binding energy of carbon atoms in a somewhat 
arbitrary cluster which is of the same magnitude as the cal­
culated and experimental binding energies of two carbon atoms 
in iron. 
Although other data, taken by internal friction, exist 
for carbon in iron, it is not quite as clear as the resistiv-
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Ity data. It will be analyzed as a group In a later section. 
In the next section a different technique for obtaining B 
will be employed on internal friction data for nitrogen in 
iron. 
Nltrogen-iron internal friction data Nitrogen 
behaves quite similarly to carbon in iron (20). With increas 
ing annealing temperature a metastable nitride precipitates 
first, followed by a more stable nitride, Pe^N, at higher 
temperature. The metastable nitride (21) is believed to have 
a composition of Fe^gHg. Thus, the structure used to calcu­
late the A's in the lron=carbon system is probably not 
applicable. 
Kinetic data of nitrogen precipitation from solution in 
a-iron were taken by Wert (22) with internal friction. The 
data are shown in Pig. 15. When the log of the decrease is 
plotted against time the data for the 50°, 110°, and 149°C 
runs are essentially exponential with zero intercept. The 
nucleation step has apparently proceeded too rapidly at these 
temperatures to be seen in the data. The 25°C data are 
plotted in Pig, 16 and an intercept equivalent to p = 12 is 
obtained and P = 3,533 x 10"^, This p and 0 were deemed the 
best fit to the data and the curve calculated with Eqn, 24 
for these parameters is seen in Pig, 15. The curves for the 
data at other temperatures in Pig. 15 are exponentials, 
obtained by plotting the logarithm of the data against time. 
Even though the shape of the platelet of Pig. 14 is 
Pig, 15. Internal friction data for precipitation of nitrogen 
from «-iron. CJurves are exponential for 50°, 110® 
and 149^0 and Eqn» 24 with p := 12 for 25°0. Solid 
and open circles represent different runs 
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probably not applicable to the metastable nitride, it is of 
interest to estimate a B from the 25°0 data by the method 
used in Eqns. 39' and 40. If the platelet of Pig. 14 is 
extended by another row of three atoms, Ag' = 1 x 6 = 6; 
k-^Q =1x4 = 4, Aio' = 1; =1x4=4; = 1; A^g = 
14 X 6 =84. The migration energy of nitrogen in iron is 
0.81 eV (23) and the nominal concentration used by Wert is 
reported as 2 x 10"^ atomic fraction. Substitution of these 
numbers and a p of 12 into Eqn. 40 (corrected for the larger 
cluster) yields B = 0.031 eV. The di-nitrogen binding energy 
has also been calculated by Johnson et (17) with a result 
of 0.15 eV. An estimate of the di-nitrogen binding energy 
has been made by Keefer and Wert (18) from their experimental 
data as 0.07 eV. Again a comparable magnitude has been esti­
mated from the present nucleation theory. 
A more reliable technique can be applied to the nitrogen 
data to obtain an estimate of B. Eqn. 39* can be separated 
into both exponential and constant parts 
. = = (41) 
or 
= 
R s P/e-S/^T = e - \/5 (42) .-eat ,e 2 bat £ ^
Since E is known, 0.81 eV, and ? has been determined for four 
temperatures in Pig. 15, R can be plotted against reciprocal 
temperature and, with the p = 12 obtained for the 25°0 curve, 
B can be evaluated without knowing the combinatory numbers. 
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Pig, 17 shows the R values plotted for these data. The slope 
is 1.72 X 10^ which yields 1 = 0.07 eV, in excellent agree­
ment with the Keefer and Wert experimental results. Note 
that for this result it has been assumed that p remains equal 
to 12 at the higher temperatures. Such high temperature 
measurements appear to be the best technique for determining 
B, since details of the structure of the nucleus are not 
necessary. 
Oarbon-iron Intimai friction In an experiment it is 
desirable as a matter of principle that the data be taken 
over as wide a range as possible. Such a procedure is fre­
quently difficult and is therefore neglected when only data 
in a specific region are required at the time. It is seen 
from the present theory that kinetic data for both early time 
and long time are the sine qua non for proper interpretation. 
Such data do not exist at the present time; in fact, they are 
difficult to obtain experimentally. The resistivity data 
were taken by plunging the wire into a hot oil bath and then 
removing and cooling it to liquid nitrogen temperature for 
measurement. The time for the wire to come up to temperature 
in the oil bath is of the order of milliseconds and to cool 
to a temperature sufficiently low to stop the carbon migra­
tion is of the order of a few seconds. The available internal 
friction data have all been taken by torsion pendulum tech­
nique in either an air or a vacuum chamber. The time to 
bring the sample to temperature under these conditions is at 
Pig. 17. Plot of log R against reciprocal time 
for nitrogen in iron 
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least several minutes. The early time data are therefore 
sparse and not reliable for analysis by the techniques pre­
sented here. The nitrogen data of Pig. 15 are also poor at 
early times but the long time exponential tail showed by the 
zero time intercept that the higher temperature data must 
have been exponential also at early time. Thus, the data 
were analyzable. Most of the available carbon data are from 
temperatures where only the long time data are exponential 
and they suggest that p varies with temperature in this, 
system. Because of the lack of good data at short times 
most of the analyses could be done only by the intercept 
method. Some of the data exhibit wide scatter and the p and 
a values obtained from them are not very reliable. However, 
all p values lie between 3 and 7 and most suggest an increas­
ing p with increasing temperature. It will be seen that some 
inconsistencies exist which make an analysis of the binding 
energy difficult. It is therefore hoped that the present 
model will serve as a guideline for the taking of future data. 
Figure 18 shows some internal friction data taken by 
Wert (22) for iron wires with an initial carbon concentration 
of 0.016 wt. t. Shown for comparison are the resistivity 
data of Fig. 12. When these data are plotted logarithmically 
against time the intercepts yield p = 6, p = 5, and p = 3 for 
the 122°0, 101-2°C, and the 37°0 runs, respectively, while 
the 250°0 data are exponential from the beginning. The w 
values obtained with these p values permitted the calculation 
Pig. 18. Normalized measurements of precipitation of carbon from 
solution. Open circles are resistivity data of Pig. 11, 
dashed line is theoretical curve for p = 7. Solid circles 
are internal friction data from reference 24 with best-
fitting theoretical curves. Triangleti are a run at 102°0. 
Resistivity carbon concentration was 0.0115 "Wt. % and 
internal friction was 0.016 wt. ^  
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of the curves shown in "Pig. 18 by use of Eqn. 24. Agreement 
is good for both the Intercept method and the curve fitting 
method of obtaining the p values. These data suggest 
strongly that p varies with temperature in this system and 
the direction of the variation indicates that the binding 
energy increases with increasing p, somewhat like that 
portrayed in Pig. 10. There may be local stabilities, how­
ever, caused by a distribution in B, e.g., p = 3 may be more 
—• Jx at* r _ *3 W CAr KJ  ^  ^ Cfc \J w iix W  ^ m • • . 
Wert and Zener (12) made a further series of measure­
ments. They studied the decrease in carbon concentration 
with time, again with internal friction, for a series of 
differing carbon concentrations at different temperatures, 
specifically 86°C 0.016 wt. 137°0 0.013 wt. €, 170°C 
0.018 wt. t and 211 0.012 wt. Not many data points were 
taken for each curve, but all data were grouped by plotting 
as in Pig. 19 with the normalized decrease plotted against a 
normalized time, where r is the time required for 60% 
decrease. Treating their data by an average of the group 
yields p = 5 by the intercept method and this gives a reason­
able curve by Eqn. 24. This average exponential slope and 
the resulting early time curvature is shown by the solid line 
in. Pig. 19. These data, although somewhat scattered, agree 
with the theoretical curve sufficiently well to substantiate 
the independence of p on concentration, as assumed by the 
theory. 
Pig, 19. Data from reference 12 for precipitation of 
carbon in iron vs. normalized time. Solid 
line is average curve yielding a p = 5 
77 
IV.V 
0.8 
0.6 
0.4 
0.2 
0.1 
0.08 
p = 5 
0.06 
-  ^ 86 7.9x10  ^ 0.016 
O 137 3.5x103 0.013 
- X 170 7x102 0.018 
• 211 1.9x102 0.012 
0.04 
0.02-
0.01 
2.5 3.5 
t /T  
Pig. ip 
78 
Further data have been taken by Doremus(24). Because 
the lack of early time data prevented analysis by Eqn. 24 
only the intercept method was used. From the slope, 3, the 
quantity R = was plotted as with the nitrogen data. 
These are shown in Fig. 20, along with Wert's data and each 
point is labelled with the p value obtained from the inter­
cept, If p = 6 is assumed for all of Wert's data, B = 0,15 
el and, with the same p, Doremus' data for 0.012 wt. % also 
yield the same 3. It is seen that the resistivity data 
already discussed lies on the same curve as Wert's data. 
The Doremus data for 0.022 wt. 't is not understandable. The 
two slopes with a p - 4 for low temperature and p - 6 for 
high temperature yield B = 0.63 eV and 0.11 eV, respectively. 
If these data are not believed and an average line is drawn 
through them instead of two slopes, then the average would 
yield about the same B as the other data. 
The existence of defects in the metal may also play an 
important role. The heterogeneous nucleation case has 
already been treated in the theory section but only for 
strong binding and there may exist a range of intermediate 
situations. As examples, the precipitating atoms may be 
rather lightly bound to crystal defects, so that they can 
participate,at least to some extent, in the equilibrium 
reactions; impurity atoms may trap three or four precipitating 
atoms giving an effective high binding energy for the cluster 
of that size. Such difficulties have already been encountered 
Pig. 20, Plot of log R against reciprocal time for 
iron-carbon. Datum points are labelled to 
indicate p values 
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a.!id ulxbCUBbSu* 3,iid ZsuST (12) h&VG pcj.n'tsd out th&t 
unless the metal Is homogenized well before it is carburized, 
erratic and nonreproducible data result. They encountered 
similar difficulties with impurity atoms (25). The role of 
these defects should be carefully considered in future 
studies of nucleation phenomena. 
Part II. Neutron Irradiation of 11-Ou Alloys 
Irradiation of a solid with heavy particles, such as 
neutrons, produces both point defects, e.g., vacancies and 
i n t e r s t i t i a l s ,  a n d  r e g i o n s  o f  s e v e r e  l o c a l  d a m a g e ,  e . g . ,  
displacement or thermal spikes (26). In a nonfissionable 
alloy, whose thermodynamic state is characterized by a spe­
cific arrangement of two or more types of atoms, irradiation 
can cause a variety of effects by disturbing this arrangement. 
The five effects which have been considered are the following. 
1) Vacancies caused by irradiation are in excess of the ther­
modynamic equilibrium concentration and can therefore enhance 
diffusion in alloys in which diffusion takes place via the 
vacancy mechanism. Two alloy systems in which this effect 
has been studied quantitatively in considerable detail are 
Cu-Zn and Ou-Al (27). Both of these systems exhibit short-
range order and no nucleation, precipitation, or destruction 
of long range order occurs at low neutron exposures to com­
plicate the single process which was studied. 2) Vacancies 
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caused by irradiation, can trap and thereby retard diffusion in 
alloys in which diffusion takes place interstitially, i.e., 
without the vacancy mechanism of diffusion. The Pe-C system 
was studied extensively and it was shown that the radiation-
produced vacancies not only trapped the carbon atoms tempor­
arily but thereby prevented the formation of one of the 
intermediate precipitate phases (28). 3) The local damage or 
spike which occurs at the end of the range of the primary 
knock-on can displace a large number of atoms which upon 
relaxation back to their original region do not necessarily 
achieve their former coherence with the lattice; voids or 
regions of strain can remain. In an alloy which exhibits 
long-range order such displacements can break up the order. 
The focussing or replacement collision which also occurs will 
contribute to the destruction of the ordered array. This 
effect, although not yet on sound quantitative grounds, has 
been studied most extensively in OujAu (29) and MnNij (30). 
4) If the solid is a precipitating alloy the displacement 
spike, striking a precipitate particle of proper size, can 
dissolve the precipitate. This effect has been demonstrated 
in the Ou-Pe system (31) in which it was shown that smaller 
precipitates are dissolved but not the larger ones, and in 
the Ou-Oo system (32) in which it was shown specifically that 
0 
precipitates smaller than 12 A diameter were dissolved but 
not the larger ones, 5) Either the resulting voids or the 
local strains associated with the displacement spikes can 
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serve as nuclei for phase changes. This effect was first 
demonstrated in a pure metal, the white to gray tin trans­
formation (33). White tin is thermodynamically unstable below 
12°0 and wants to transform to gray tin. This transformation, 
however, will not take place spontaneously. The white tin 
must either be seeded with gray tin, or severely cold worked. 
It was shown that low temperature neutron irradiation also 
causes the transformation. Either the voids created by the 
4- 4^%^A âf^f 4 VIC»v»vioT oaado A-f* 
gray tin or the local strains around the spikes are equiva­
lent to cold work. The creation of excess nuclei by neutron 
irradiation has been precisely demonstrated in Fe-0 alloys. 
The observation by internal friction techniques of a more 
rapid depletion of carbon from solution in iron in neutron-
irradiated samples was Interpreted in terms of excess pre­
cipitate nuclei (34). Direct observation by electron micros­
copy of extra precipitate particles in neutron-irradiated 
Pe-0 alloys confirmed this model (35). Both observations 
showed, however, that the increase of precipitate nuclei with 
irradiation saturates at an irradiation dosage of less than 
1.5 X 10^5 nvt (fast); about 4 hrs. in a reactor with 10^^ nv 
(fast). Shorter irradiations were not performed. 
An interesting class of alloys in which irradiation 
studies are being made are the aluminum-rich binaries which 
precipitate through the stages of Guinier-Preston zone and 6' 
formation before the final 0 precipitate phase (36); 
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pPOmxHoH'w szsjBpXss ax's A3.=Ag, Al—Cu. andL Al—Zn, TlixS Is 
perhaps the most complicated mechanism of precipitation in 
binary alloys and is not completely understood at the present 
time. The study of the precipitation mechanism has been 
going on for over a quarter of a century, prompted by the age-
hardening effect in the duralumin alloys. Because of this 
interest most of the studies have been made on hardening 
which, unfortunately, is one of the least interpretàble 
phsnoîûsna at the atomic level. 
Pig. 21 shows the aluminum-rich side of the Al-Ou phase 
diagram. A solid solution quenched from the K region into 
the two phase region will tend to separate into the two 
phases by precipitation of a copper-rich phase. The rate of 
the phase separation is both temperature and concentration 
dependent. The x-ray evidence reveals four stages of precip­
itation, although the interpretation of the structure of the 
early phases is still under discussion. After quenching an 
Al-(4^) Ou alloy and aging at a temperature between ambient 
and 130°0, streaks begin to appear on the Laue spots. They 
are interpreted as being due to groups of copper atoms segre­
gating on 11001 planes. These are the Guinier-Preston (G.P.) 
zones. Later in the aging process these streaks break up 
into discrete spots which are caused by a new structure, 0', 
coherent with the aluminum matrix across the 100 j planes. 
Finally the 6' precipitates convert to the 0 (OuAlg) equi­
librium precipitate. The equilibrium precipitate, OuAlg, is 
Pig, 21, AlumInxm-rich side of Al-Cu phase diagram 
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tetragonal with a = 6,04 & and c = 4,86 2, The 0* is also 
tetragonal hut with a = 5.71 & and c = 5.80 %. The accepted 
viewpoint is that as the 9' grows the strain energy increases 
until it is sufficient to cause the lattice to shear at the 
surface between the 0' and the matrix at which time the 9' 
assumes the 9 structure, no longer in registry with the matrix. 
Guinier further showed that intensity maxima appear in the 
streaks on the Laue spots and that these must represent still 
another structure. Although he named this 9" the more popular 
notation is 6.P. [ 2 j while the streaks are called G.P.[ l]. 
If G.P,^ ij is simply clusters of copper atoms, at some stage 
these clusters must begin to order, that is, copper atoms 
must begin to assume regular positions by displacing aluminum 
atoms. It is thought that G.P, [ 2 ] is the initial stage of 
this ordering. The situation is further complicated by a 
temperature dependence which has been observed. Aging at 
higher temperatures, for example, causes 0' to appear with very 
little development of g,p.[ sj. Silcock et al (37) showed 
by a combination of hardness and x-ray measurements that the 
sequence is always 
G.P. [ l] — G.P. [ ?] - 9' - 9 
but that the relative amounts which appear and overlap are 
functions of both the aging temperature and copper concentra­
tion. 
Another phenomenon which these alloys exhibit is rever­
sion. When the G.P. zones are permitted to form by aging and 
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the alloy is quiokly heated to a higher temperature (~20000, 
well below the single phase region) the zones apparently dis­
solve, for there is a loss of hardness and there are associ­
ated changes in resistivity and heat absorption. Further 
aging at the original temperature causes the re-establishment 
of the physical properties produced by the first aging, al­
though at a much slower rate. This effect can be reproduced 
many times in the same material. 
Although the G-,?, ^  ij sens dissnsicns cbssrvsd by z-ray 
techniques are about 25-50 atom diameters in width and about 
1-5 atom diameters in thickness, it is believed that the zone 
can either exist in a smaller form or that it has a precursor. 
DeSorbo et al. (38) showed that if Al-Cu quenched from 550°C 
is annealed at -45°0 large resistivity changes occur with an 
associated evolution of heat. Although the kinetics show that 
the process has nearly the activation energy of vacancy migra­
tion, the evolution of heat is so large that the only explana­
tion is that of clustering of copper atoms rather than 
vacancies. When the quench was interrupted by a few seconds 
at 200°0 the process slowed by orders of magnitude. Their 
conclusion was that quenched-in vacancies accelerate the dif­
fusion of copper atoms to clusters. The role of quenched-in 
vacancies in this system has since been studied by others (39-
41). With the evidence that clustering is accelerated by 
excess vacancies, Tucker and Webb (42) proceeded to create 
the excess vacancies by electron irradiation. They irradiated 
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an Al«Cu alloy at =60°C and measured the rate of resistivity 
change compared to that of the quenched alloy in this temper­
ature region. Although their conclusion is not entirely 
unequivocal, it appears that the'irradiation has accelerated 
the clusterings The evidence is therefore quite strong that 
the copper atoms in this alloy migrate via the vacancy mech­
anism and that excess vacancies created by either quenching 
or irradiation can accelerate their diffusion. It is also 
vxoax viiclv ox1j.d jji uugoo j^xauc xu uiio uaui^ox*aoux'c l 
where vacancies themselves migrate in aluminum, about -60 to 
-40°0 (14). 
. J 
It was of interest to see if heavy particle irradiation 
could alter the nucleation process in this type of system. 
Specifically, an Al-Cu alloy would be irradiated with reactor 
neutrons at pile ambient temperature (34°0), a stage after 
the low temperature clustering has taken place but at which 
no G.P.[ ij is yet visible, to see if such irradiation would 
accelerate the precipitation process at a higher temperature.. 
By this scheme, no enhancement of diffusion would interfere 
during these measurements; because of the high vacancy 
mobility in this system all vacancies would anneal during the 
irradiation and none would be left (other than possible im­
mobile vacancy clusters) during the post irradiation anneal­
ing study. Thus, an enhancement of nucleation could be 
isolated from the other processes and unambiguously identified 
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Esperimeatal procedure 
Alloys of aluminum with 0.5, 1.0, 2,0 and h,0% nominal 
wt. % copper were made from Johnson-Mathey spectroscopically 
pure metals. The copper was added as a Ou-Al alloy to mini­
mize segregation» The melts were prepared in vacuo in boron 
nitride crucibles to minimize the possibility of surface con­
tamination, Surface turnings from the slug were analyzed 
spectroscopically and with x-ray lattice parameter determina-
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middle and both ends of the slugs were analyzed chemically for 
copper content before swaging. The slugs were cold swaged and 
drawn into wires; sections of the wire were also analyzed 
chemically. The actual copper concentrations were 0,53^, 
1.04#, 2.02#, and 3.96#, all + 0,02#, 
The wires were annealed at 550°0 in a helium atmosphere 
and water quenched to room temperature. They were immediately 
immersed in and stored in liquid nitrogen until ready for use. 
It had been found that a wire kept several hours or more at 
room temperature yielded different results from one used 
immediately after quenching. The liquid nitrogen storage 
guaranteed nearly identical specimens for treatment. 
Since aluminum alloys are rather soft a quench from 
550°C into water is quite drastic and can cold work a speci­
men of limited strength. At the same time if the wire is too 
thick the quench will be inefficient or if it is too short 
the resistivity changes will be too small to measure with any 
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accuracy. A series of experiments were made to achieve an 
optimum of these constraints. The result was a wire of 0.019 
in, diameter, roughly 2 in. long witn potential leads spot 
welded on, and bent in a hairpin shape. Pig. 22 shows such a 
wire. The cross piece from the potential leads was left in 
during the quench for structural strength and snipped out for 
measurement, as shown. This wire, when ready for use, was 
spot welded to copper leads in a micarta frame for ease of 
a.iuiuô x J. XX w L/ xx.ib ux oxx vx c*xx w -k u. uc*. vxx# xxxo r« o x o 
etched in a concentrated sodium hydroxide solution to facil­
itate welding. Pig. 22 shows the roughness of the surface of 
the samples caused by the etching. 
Resistance measurements were made using a White double 
potentiometer with a D,C. amplifier as a null-meter. All 
measurements were made in a liquid nitrogen bath against a 
dummy wire kept in the bath to compensate for bath tempera­
ture changes due to the solution of atmospheric oxygen. This 
dummy was calibrated periodically against a standard resist­
ance. Willard slow-discharge batteries were used as a power 
supply. 
Radiations were performed in the Brookhaven reactor, all 
in the same hole, at the same power level, and the same 
ambient temperature, 34°C. The flux was about 10^ nv (fast). 
The specimen was brought to room temperature from the liquid 
nitrogen storage vessel for about 2 min before insertion in 
the reactor. After removal from the reactor it was placed in 
Pig. 22. Wires used in experiment. Lower wire before quenching, 
upper wire before measurement 
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liquid nitrogen again until the radioactivity decayed to a 
safe level for use. Since only the effect of neutron irradi­
ation was desired in this study all irradiated specimens had 
control samples annealed in an oil bath at 34°0 for the same 
length of time as the irradiation time and then also stored 
in liquid nitrogen. Thus all measurements reported here are 
a comparison of samples whose only difference is that there 
has been the passage of a neutron, flux through one of them. 
However, differences in the wires did occur* The absolute 
rates of precipitation occasionally varied between specimens. 
It is felt that quenching strains or dislocation production 
did occur during the quench. Since the effect sought after 
in this work proved to be quite small, at least two separate 
wires were measured for each irradiation or control run and a 
total of 133 wires were quenched and annealed during the 
course of this study. Only data curves exhibiting monotonie 
changes were accepted; those exhibiting discontinuities were 
rejected on the assumption that the wire had been damaged in 
handling. 
Results 
An isochronal anneal is useful in exploratory measure­
ments to observe temperatures at which phenomena occur. This 
type of anneal was therefore used first. Pig, 23 illustrates 
an isochronal anneal of four wires of 0.020 and 0.019 in. 
diameter, one of each quenched from 550 and 500°C. This is 
Fig. 23. Isochronal anneal of four wires, two diameters quenched 
from two temperatures 
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an example of the preliminary exploratory measurements, men­
tioned in the preceding section, to determine the optimum 
wire diameter and quench temperature. It is seen that the 
largest resistivity decrease occurs in the wire of smallest 
diameter quenched from the highest temperature. It was found 
that wires of diameter smaller than 0,019 in. gave erratic 
results which indicated that the quench was causing cold-work 
damage, although such damage was not always apparent by 
visual inspection^ On the basis of ?ig^ 23 the temperature 
range of the important resistivity decay step is 50-150°C, 
corresponding to G.P. ^ 2j and ©' formation. All samples were 
studied by isothermal techniques in this region, usually at 
110-130°0. The amount of this resistivity decrease as a func­
tion of alloy composition is shown in Pig. 24. It is seen 
that studies cannot be made on the alloy since there is no 
terminal value. In order to properly compare rates of reac­
tion, the data must be normalized to permit a direct compari­
son of some characteristic such as time to half decay. This 
concentration was not considered further. It will also be 
shown that isotherms of the 2^ alloy cannot be analyzed with 
confidence. The data for the other concentrations do level 
off to a plateau but it is apparent that a single decay 
process is not taking place. It is also unfortunate that the 
resistivity change is quite small. In most of the results 
reported here the total change in resistivity was less than 
1^ and thus the errors in reaction rate times determined from 
Fig. 24. Isochronal anneal of quenchecl wires of four different 
copper concentrations 
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these curve8 is of the order of 30%, determined by both 
scatter of data and reproducibility of curves. 
In the experiments performed for the rate processes, the 
sample was held at 34°C, either in the reactor or an oil bath, 
and then raised to a temperature in the range of 110-130°0 
and annealed isothermally. It is of interest to see in a 
combined figure the behavior of the resistivity. In Pig. 25 
the resistivity of a quenched 1% Ou alloy is seen to increase 
as it is held at Sines ths sassplss are to bs annealed 
at a higher temperature, this wire was brought up to tempera­
ture in isochronal steps of 10°0 shown in the middle portion 
of Pig, 25. It was then isothermally annealed at 110°C and 
the final portion of Pig, 25 shows its decrease in resistiv­
ity. The cause of the initial rise of resistivity when the 
alloy is being depleted of copper was originally explained by 
Mott (43) as a critical scattering of the conduction elec­
trons. This occurs when the diameter of the cluster becomes 
equivalent to the wave-length of the conduction electron, of 
the order of 10 i. Somewhat more detailed calculations (44) 
confirmed this suggestion; however, more recent exact solu­
tions of the wave equation by computing machine techniques 
have failed to sho* a cause for the resistivity increase (45, 
46). Herman et (4?) studied the size of clusters during 
precipitation in Al-Zn by small angle x-ray scattering and 
concluded that the average radius of the clusters is 9 2 at 
the resistivity maximum. Although this rise is generally 
Pig. 25. 34°C isotherm of quenched 1% alloy followed by a 10 
minute isochrone and an isotherm at llOOQ 
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observed in clustering kinetics of all of the alloys of this 
class, its origin is not certain. In fact the process of 
vacancies associating with single impurities in the noble 
metals occasionally exhibits such an increase (14). 
The purpose of this experiment was not to study the 
kinetics of clustering of solute atoms with irradiation, but 
rather the rate of precipitation to the clusters after they 
have been formed. It can thus be determined if radiation 
Tm ^  4 i Tm ^  4" mm 4 ^ 4m f ^ A XAOiO XXX V * VtAiAWOlA XXO W O A W^OXAO W Utlft XX UiW O. J.WX, X V ^  w .k 
which would lead to a greater number of precipitate particles 
than in the unirradiated alloy. Such a greater number would 
accelerate the loss of solute atoms from solution by decreas­
ing the migration distance. Fig. 26 illustrates such a com­
parison. The solid circles are normalized data for a sample 
of 1% Ou alloy which has been annealed for 17 hours at 34°C 
and then annealed at 110°0, only the 110°0 isotherm being 
shown. The open circles are for a sample of the same mater­
ial irradiated in the reactor for 17 hours at 34°G. The 
normalization is done by plotting R - R* /Ri - R^,» inhere R 
is the resistance of the wire at time t, R^ the resistance 
of the wire following treatment but before the start of the 
110°0 anneal and R„ is the final resistivity after a plateau 
in the isotherm has been reached. The values of the normal­
izing constants are; for the annealed wire, R^ = 0.001832 n 
and R po = 0.0018050 ; for the irradiated wire, Rj^ = 
0.001740/2and R^ = 0.001725^ . Pig. 26 indicates that a 
Pig. 26. Normalized resistivity decay at 110°0 for li Cu alloy. 
Solid circles - annealed 17 hours at 3400, open 
circles - irradiated 17 hours at 34^0 
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large drop in resistivity has occurred upon plunging the wire 
into the oil bath for the first minute. The data also indi­
cate that the resistivity decreases faster in the irradiated 
specimena When the logarithm of the normalized data is 
plotted against time as in Pig. 27 two decay processes seem 
to be occurring, both of which can be approximated by an 
exponential. The short time data are shown on an expanded 
scale in Pig. 28. On the basis of the curves drawn in Pigs. 
2S and 27 the slopes for the annealed ifire are 1=3 x 10" 
sec."^ and 7.4 x 10"^ sec."^, respectively, and for the 
irradiated wire 3.3 x lO"^ sec."^ and 9.7 x 10"^, respectively. 
The irradiation has clearly accelerated the decrease of the 
resistivity. 
It became apparent with further experimentation that the 
more datum points taken for a given wire the less reliable 
they become. This is because the constant heating and chil­
ling of the wire introduced strains and/or cold work which in 
turn produced erratic resistivity data. Furthermore, since 
the final values are necessary to obtain R^o the first step 
could not be studied in isolation as could the second step,it 
was decided that the second, or long time decay of resistiv­
ity, was more truly representative of the process of precipi­
tation to stable nuclei and the first step of Pig. 27 should 
be sacrificed for the latter step. Because of the problem of 
erratic data caused by too many measurements, only about ten 
datum points were taken for each decay curve, a sufficient 
Pig. 27. Logarithm of data of Pig. 6 plotted against 
time. Open circles - irradiated, solid 
circles - annealed 
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nusalssr to obtain an approzliaate sxponsntial rate of decay. 
The errors are large, of the order of 30^ of the slope value 
in some cases. However, in all cases it was clear that the 
curve of the data of the irradiated wire has the steeper 
slope and therefore the higher rate of resistivity decrease. 
Table 1 gives representative data for the 0.5# and 1.0# 
copper alloys. ofaTin and are the symbols for the slopes 
of the log of the decay curve vs. time for the annealed and 
 ^ — — — «A  ^ — J —« •—> 1  WM M» M —» A A A wA 1 •• ? i  ^ T/» n «t» A V» o 4 ^  
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of «irr/^ann greater than one in every case. The scatter 
of data proved to be too great to obtain reliable values for 
irradiation of less than one-half hour. 
Table 1. Slope of log of decay curve for annealed and 
irradiated samples 
Time (hr) 8lot>e 
"arm 
fsec-1) 
°^irr *irr/*ann 
0. 5^ Ou 
1/2 2.3 X 10-4 2.9 X 10-4 1.3 
1 2.8 5.2 1.9 
2 2.5 4 1.6 
7 2.2 3.3 1.5 
17 4.4 6.6 • ' ' ' X • 5 
- 32 1.2 5.2 413 
1. 0% Ou 
1/2 2.6 X 10-4 7.2 X 10-4 2.8 
4 2.1 8.3 3.4 
7 6.3 11.0 1.7 
32 7.4 22.0 3 
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Some effort was made to obtain similar data for the 2.% 
copper alloy. However, no clear plateau developed during 
Isothermal annealing to permit proper normalization. Pig. 29 
shows representative data for the decay of resistivity of a 2 
hour annealed and a 2 hour Irradiated wire. Their Initial 
resistivities were 0.002333 0 and 0.0024580 , respectively. 
The data In Pig. 29 are plotted for comparison as a percentage 
decrease from these original values. It Is seen that the 
nrAvt&iAol oVnaT\a rt-f* +Vio /Miviro la -t-.Vio aomo >\n+, a Rhift In 
time cannot be derived to compare rate constants since no 
terminal value of the resistivity Is present. 
Discussion 
Fig. 27 shows that at least two processes are going on In 
this alloy during annealing at 110°0. Since each can be 
approximated by an exponential it is assumed that they are 
separate and singly activated processes. Such singly acti­
vated processes are often governed by a chemical equation, 
dx/dt = -E x^ (41) 
where x is the concentration of the reactant, K is the rate 
constant and y is the order of the reaction. For loss of the 
reactant to randomly distributed fixed sinks, such as precipi­
tate nuclei, the reaction will be first order with Y = 1. 
The integrated form of Eqn. 41 is, for Y = 1, 
— = e"Kt (42) 
zo 
where Xq is the initial concentration. Thus a. plot of the 
Pig, 29. Percentage decay of resistivity of wire of 2^ copper 
annealed and irradiated for 2 hours. Annealing 
performed at 12000, Open circles - annealed, solid 
circles - irradiated 
0.6 
0.7 
0.8 
0.9 
1.0 
I.I 
ÏF 
I 1.6 
1.7 
1.8 
1.9 
2 
1 I I r-rr nj 
o 
1 - 1  1  I I 1 1 1  1 ! 1 1  1 1 I I 1  1  1  1  1  1 1 1 1  
: • 
— o  
— 
# o  
o  
o  2% Cu o
 0 
O
 
• o  
o 
•  o  
®  o  
o 
• o  _  
o  
• o  — 
o  o  
• # o  —— 
* o  o 
• .  
• 
o  o  
• 
» 
— • 
• 
i  . 1  ^  1  I I  I I I  1 .  1 .  1  1  I I  I I I  1 1  1  1  I I  I I I  1  1  1  1  1  1  1 1  
10 
TIME ( MIN) 
flk. 29 
100 
115 
logarithm of the concentration of the reactant vs. time 
yields a straight line with a slope of K. With the assumption 
that the observed processes are governed by the chemical rate 
equation, the measured slope a is equal to the K of Eqns, 41 
and 42, Since the electrical resistivity is the actual quan­
tity measured in the present work, not the concentration of 
reactant, it is assumed that a resistivity change aR is pro­
portional to a concentration change Ax and that this propor­
tionality is maintained throughout the process ujider investi­
gation. It is therefore clear that the earlier stages of 
precipitation in which the resistivity first rises and then 
falls cannot be analyzed by this technique, and, as discussed 
in the Introduction, the nucleation theory cannot be applied 
to the early time data. 
Chemical rate equations of the type of Eqn. 41 can gen­
erally be accepted as obeying the Arrhenius equation 
K = Kq e-VkT (43) 
where E is the activation energy of the process and K© is a 
constant containing such quantities as the entropy of migra­
tion, fundamental vibration frequency of the solid, and the 
number of sinks for a reactant. From this equation it can be 
argued that it is the copper atoms which are migrating at 
this stage and are causing the resistivity decrease. The 
slope of the second decay step of the annealed alloy of Pig. 
27 is 7.4 X 10"5 sec,"^, at an annealing temperature of 110°C. 
From Table 1 the slope of the 1% alloy preannealed for 7 
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hours is 6,3 x lO"^ and for 32 hours is 7.4 x 10"^ at a tern-
perature of 130°0. Taking the ratio of the 110 and 130°C 
slopes as about 10, E can be estimated from Eqn. 43 
Kt 
—= = 10 = e ^ ^1 ^2 . (44) 
kg 
The result is that S = 1.5 eV. The ratio of the slope of the 
17 hour irradiation at 110^0, 9.7 x 10"^ sec"^, to an average 
of the slopes of the 7 and 34 hour irradiations in Table 1 is 
about 1.5. The resulting activation energy is E = 1.7 eV. 
Considering the inherent errors in slope determination, both 
of these energies can be said to compare quite favorably to 
the measured activation energy for the diffusion of copper 
into aluminum (48) E = 1.42 eV. Therefore, the copper atoms 
are diffusing at essentially thermal rates during this stage 
of the precipitation process in both irradiated and unirra­
diated samples. Therefore, no complications such as enhanced 
diffusion from excess vacancies are present, since such en­
hanced diffusion would exhibit an activation energy lower 
than that under thermal conditions alone. Thus E can be con­
sidered as unchanged with temperature or irradiation in this 
region and it is concluded that the acceleration of the 
resistivity decay process must be caused by a change in Kq. 
The term in Kq which can be expected to be altered by irradi­
ation Is the number of sinks (precipitate nuclei) for the 
migrating copper atoms. 
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The precise nature of these excess nuclei or their role 
in possible interactions with the homogeneous type of nuclei 
cannot be determined at this time. At these temperatures, as 
discussed in the General Survey, the G.P. [ 2 j zones are form­
ing and developing into the 0* phase. This development of 
G.P. ^ aj can arise by either ordering of G.P. [ l] or dissolu­
tion of G.P. 1 j and formation of G.P. [ sj . It is not known 
which process is taking place for although x-ray evidence 
suggests the G.P, f ll—»G.P. [ 21 —» 8' Drogression (37), the 
L J L J * ; 
relative amounts of each phase present at any time appear to 
be a function of annealing time and temperature as well as the 
prehistory of the specimen. It is reasonable to assume, how­
ever, that a displacement spike, if it serves as a nucleus, 
should be a relatively stable nucleus from which very little 
dissolution takes place, because such a spike would act as a 
depository for copper atoms to which they would be bound quite 
stably. 
The number of such displacement spikes can be estimated. 
The collision cross-section of A1 for 1 MeV neutrons is about 
3 bams and, with a fast flux of 10^^ nv, in one-half hour of 
irradiation roughly 3 x 10^3 gpikes per c.c. will be created. 
No information is available on the number of precipitate 
particles which form in either irradiated or unirradiated Al-
Cu alloys. This lack of information is due to the difficulty 
in obtaining such data. Precipitates form preferentially 
around grain boundaries. They probably also form readily at 
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stacking faults and dislocations. Thus no method is currently-
available for separating and counting the number which form 
homogeneously. Although the displacement spike caused by the 
primary knock-on may serve as a precipitate nucleus, a void 
caused by a vacancy cluster also may so serve. A primary 
knock-on in aluminum can cause the displacement of several 
hundred more atoms. In the temperature range in which the 
irradiations were performed in the present work, both the dis­
placed atoms (Interstitials) and the vacancies are mobile 
(14), the interstitials being the more mobile. Some intersti­
tials will annihilate the vacancies and some will escape to 
the surface or to dislocations leaving an excess of vacancies. 
Part of this vacancy excess will in turn anneal to the sur­
faces or to dislocations and part will coalesce into clusters. 
There is no reason a priori why these vacancy clusters could 
not serve as precipitate nuclei. A third effect of irradia­
tion could produce a greater amount of precipitate nuclei. 
It was shown that low temperature electron Irradiation facil­
itated the clustering of copper atoms in Al-Ou (42), presum­
ably because of the excess vacancies, since there are no 
spike effects caused by electron irradiation. Experiments 
with neutron (49) irradiation of Al-Zn (10#) and deuteron 
(50) irradiation of Al-Zn (5.3^) both show evidence of an 
acceleration of the rate of formation of the G.P. zones. This 
acceleration is assigned to excess vacancies assisting the 
transport of the zinc atoms, although the evidence and 
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Interpretation are not unequivocal. This latter possibility, 
that of extra nucleation by vacancy enhanced diffusion seems 
highly unlikely in the present case, however. It cannot 
explain, for instance, why the number of excess nuclei in 
irradiated samples saturates at such a low neutron dosage in 
both the 0.5 and the 1.0# alloys, nor, as mentioned, the fact 
that the activation energy of the precipitation process in 
both the irradiated and unirradiated cases are effectively 
the same « 
The possible mechanisms for the creation of excess 
nuclei have been presented. The most puzzling question, how­
ever, is why does the number of nuclei appear to saturate? 
This saturation effect was also observed in the iron-carbon 
system (34,35); the number of extra precipitate nuclei was a 
factor of ten greater than the number in an unirradiated 
sample for a concentration of carbon in the range of 0.004-
0.011 wt. %, The saturation also took place at less than 4 
hour neutron irradiation. However, no extra nucleation was 
observed in Al-Zn (49,50) at 10 or at 5.3^ solute concentra­
tion. These observations, although sparse, indicate that a 
crystalline defect is not sufficient in itself to become a 
precipitate nucleus. It is highly probable that in alloys of 
high solute concentration sufficient homogeneous nucleation 
takes place to satisfy the system thermodynamically and the 
defects play little or no role in altering the number of pre­
cipitate nuclei. In dilute solutions crystalline defects can 
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alter the number of precipitate nuclei. However, such a 
defect does not necessarily become a precipitate nucleus, as 
shown by the saturation effect. A critical supersaturation 
of solute atoms around the defect may well be required before 
such a defect can become a precipitate nucleus. Further 
experimental work by different techniques is clearly required 
In this area. 
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CONCLUSIONS 
In Part I an analytic expression was derived for nuclea-
tion and growth of precipitate particles. This expression 
described the experimentally observed time dependence of the 
precipitation of carbon and nitrogen in o-iron. Approximate 
values of the average binding energy of each atom to the pre­
cipitate nucleus obtained by applying the theory to carbon 
and nitrogen precipitation kinetics experiments are in reason 
able agreement with experimentally derived carbon-carbon and 
nitrogen-nitrogen binding energies in a-iron. The basic re­
quirement of experiments to be analyzed by this technique is 
that highly reliable data be taken by isothermal annealing 
studies both at short and at long times. Most experimental 
measurements made to date lack this fundamental qualification 
It was also shown that it is necessary to insure that minimal 
heterogeneous nucleation takes place since this severely 
alters the kinetics. Such control has not been conciously 
exercised in very many experiments. Finally, the theory pre­
dicts the distribution in size of the precipitate particles 
but no experiments have been made to measure this distribu­
tion. 
In Part II it was demonstrated that damage by heavy 
particles such as neutrons can cause heterogeneous nucleation 
in Al-Ou alloys. The experiments further showed that this 
effect saturates at certain irradiation dosages. This sat­
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uration effect was also demonstrated previously by the writer 
and a collaborator for the Pe-C system» It is quite evident 
that heterogeneous nucleation in alloys is simply not under­
stood, but approaches for further investigation are clearly 
evident. Different types of damage to the lattice should be 
studied to see their effects on heterogeneous nucleation. 
The effects of different types of damage may be made by 
bombardment with particles of different masses, cold-work of 
various types, and impurity doping. A further investigation 
along these lines is a study of the amount of precipitation 
as a function of the damage to the lattice. This is a meas­
ure of the solubility in a damaged lattice and has disturbing 
implications in that the lower temperature portions of many 
of the classical alloy phase diagrams were determined by cold 
working the alloy to accelerate the precipitation process. 
Thus, although the saturation of excess nuclei observed in 
the present experiments is undoubtedly connected with the 
solubility it is not certain that the solubility is unaltered. 
Toward this end the kinetic treatment of Part I may prove to 
be quite useful. A method has been presented by which the 
relative amounts of heterogeneous and homogeneous nucleation 
present may be determined, at least for interstitial solid 
solutions. When heterogeneous nucleation overwhelms homo­
geneous nucleation meaningful kinetic data may still be taken 
and analyzed in the study of saturation effects. 
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